Abstract. Mortality factor 4-like 1 (MORF4L1) is a member of a subgroup of histone acetyltransferases and belongs to the mortality factor on chromosome 4 (MORF4) class of proteins. However, the role of MORF4L1 in cancers is largely unknown. Using reverse transcription-quantitative polymerase chain reaction and published datasets, the present study demonstrated that the expression of MORF4L1 is decreased in several cancers, including nasopharyngeal carcinoma (NPC). Additionally, the methylation rate of the promoter of MORF4L1 was identified to be significantly higher in tumour cells than in normal cells. The ectopic expression of MORF4L1 was also revealed to inhibit cell proliferation, colony formation, migration and invasion in NPC, whereas the knockdown of MORF4L1 promoted cell proliferation, colony formation, migration and invasion. Mechanistically, the present study demonstrated that MORF4L1 functions as a tumour suppressor by increasing p21 and E-cadherin levels. These findings may be useful novel targets for treating patients with NPC.
Introduction
Nasopharyngeal carcinoma (NPC) is highly prevalent in Southern China and Southeast Asia with an incidence rate of 15-50 cases/100,000 people (1) (2) (3) . NPC has the highest metastasis rate among the various types of head and neck cancer, with 74.5 and 19.9% of patients presenting with regional lymph node and distant metastasis respectively, including liver and lung metastasis at the time of diagnosis (1, 4) . The dysregulation of oncogenes or tumour suppressor genes in NPC is associated with the initiation and progression of cancer, and resistance to therapy (1, 3, (5) (6) (7) . Our group previously identified that a transcription factor Telomere length regulation protein TEL2, and a cell membrane protein carbonic anhydrase IX, served a key role in cell proliferation and metastasis in NPC (1, 3) . Although some progress, including microRNAs, long non-coding RNAs and kinases serving key roles in NPC progression, has been made recently (8) (9) (10) (11) , the molecular mechanisms of NPC are poorly understood.
Human mortality factor 4-like 1 (MORF4L1) is a member of a subgroup of histone acetyltransferases and belongs to the mortality factor on chromosome 4 (MORF4) class of proteins (12) . MORF4L1 and MORF4 share a 96% homology in their amino acid sequences (13) . Unlike the majority of histone acetyltransferases that are known for activating gene transcription and promoting cell proliferation, MORF4 was initially cloned and characterized as a senescence gene; this is because the cellular expression of MORF4 induces cell death and senescence (14) (15) (16) 5 , a complex that represses cell proliferation (16) . Additionally, MORF4L1 functions during embryonic development via chromatin remodeling and transcriptional regulation (17) , and MORF4L1 mediates epithelial cell death in a mouse model of pneumonia (18) . In cancer, MORF4L1 acts as a nuclear ligand for the fungal galectin Agrocybe aegerita lectin and serves a key role in its antitumour activity (19) . MORF4L1 stimulates homology-directed repair of chromosomal breaks by interacting with BRCA2 DNA repair associated, partner and localizer of BRCA2, RAD51 recombinase and replication protein A1 (20, 21) . However, little is known regarding the role of MORF4L1 in NPC.
In the present study, the expression of MORF4L1 in clinical NPC tissues was examined and compared with adjacent, non-cancerous tissues, and also sought to evaluate the effects of MORF4L1 expression on NPC cell phenotypes in vitro. The findings suggest that MORF4L1 inhibits cell proliferation and migration by increasing the expression levels of p21 and E-cadherin.
Materials and methods

Cells and reagents.
The cell lines NP69, 5-8F, 6-10B and SUNE1 were obtained from the group of Tiebang Kang (Sun Yat-sen University Cancer Center, Guangzhou, China). The cell lines 6-10B, 5-8F and SUNE1 were cultured in Dulbecco's modified Eagle medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and maintained at 37˚C in an incubator containing 5% CO 2 . The NP69 cell line was maintained in keratinocyte serum-free medium supplemented with 4 µg/ml human epidermal growth factor and 40 µg/ml bovine pituitary extract (Gibco; Thermo Fisher Scientific, Inc.; catalogue no. 17005-042) and maintained at 37˚C in an incubator containing 5% CO 2 . All cell lines used in this study were authenticated through short tandem repeat profiling within 6 months of initiating this project, and the cells were cultured for <2 months.
Plasmids. The full-length cDNA of human MORF4L1 was cloned into the pSin-puro vector (Focus Bioscience Co., Ltd., Nanchang, China). Short hairpin (sh) RNA-NC targeting EGFP (with no known targets in the human genome) was cloned into the pFCL2.0 vector with the following sequence: 5'-GGG CGA GGA GCT GTT CAC CG-3'. The oligonucleotide sequence for the human MORF4L1 short hairpin RNA (shRNA)-MORF4L1 was 5'-GTT GCC ATA AAG GAC AAA CAA-3' (Focus Bioscience Co., Ltd.).
Antibodies. Mouse monoclonal anti-β-actin (catalogue no. FB075) antibody was obtained from Nanchang Focus Bioscience Co., Ltd, and the species specificity is human, mouse, rat and pig. Anti-E-cadherin (catalogue no. 14472) and Anti-p21 (catalogue no. 2947) antibodies were obtained from Cell Signalling Technology, Inc. (Danvers, MA, USA), the species specificity of anti-E-cadherin is human, mouse and rat, and the species specificity of anti-p21 is human and monkey. Anti-MORF4L1 (catalogue no. HPA042360) antibody was obtained from Sigma-Aldrich (Merck KGaA; Darmstadt, Germany), the species specificity of anti-MORF4L1 is human and rat.
Stable cell lines. Subsequently, 3 µg pSin-puro-MORF4L1 (Focus Bioscience Co., Ltd.), 3 µg pSin-puro-empty vector (Focus Bioscience Co., Ltd.), 3 µg shRNA-NC (Focus Bioscience Co., Ltd.) or 3 µg shRNA-MORF4L1 (Focus Bioscience Co., Ltd.) was co-transfected with 3 µg pMD2.G and 3 µg psPAX2 into 293 cells for 48 h. The recombinant viruses were subsequently collected and added to NPC cells, which were cultured with 8 µg/ml polybrene for 24 h at 37˚C. The stable lines were selected by treating the cells with 1 µg/ml puromycin for 2 weeks (Focus Bioscience Co., Ltd.).
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. RNA extraction and RT-qPCR procedures were performed as previously described (22, 23) . Briefly, total RNA obtained from cell lines was isolated using TRIzol reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. First-strand cDNA was synthesized using the RevertAid™ First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). Subsequently, the qPCR reaction was performed in a CFX96 Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using SYBR ® Green mix (Tiangen Biotech Co., Ltd., Beijing, China). Thermal cycling of the qPCR reaction was initiated with a denaturation step at 95˚C for 15 min, and consisted of 40 cycles (denaturation at 95˚C 15 sec, annealing at 60˚C for 30 sec and elongation at 72˚C for 30 sec). The amplified products were examined using the 2 ∆∆Cq method (24), and each sample was calibrated to the expression level of the housekeeping gene GAPDH. The primers employed for amplifying MORF4L1, p21, E-cadherin and GAPDH were validated. The sequences for the primers were as follows: MORF4L1 forward (F), 5'-AGC AAT GTT GGC TTA TAC ACC TC-3' and reverse (R), 5'-AGC TTT CCG ATG GTA CTC AGG-3'; GAPDH F, 5'-ACA GTC AGC CGC ATC TTC TT-3' and R, 5'-GAC AAG CTT CCC GTT CTC AG-3'; E-cadherin F, 5'-AAT AGT GCC TAA AGT GCT GC-3' and R, 5'-AGA CCC ACC TCA ATC ATC CT-3'; P21 F, 5'-CGA TGG AAC TTC GAC TTT GTC A-3' and R, 5'-GCA CAA GGG TAC AAG ACA GTG-3'.
Cell proliferation and cell viability assays. In vitro cell proliferation and cell viability assays were performed using a Cell Counting Kit-8 (CCK-8) assay. To assess cell proliferation, the cell lines in the present study were seeded in 96-well plates at a density of 1x10 3 cells/well and incubated for 1, 2, 3, 4 and 5 days. Subsequently, 10 µl of the CCK-8 reagent (catalogue no. C0038; Beyotime Institute of Biotechnology, Haimen, China) was added to each well and incubated for 1.5 h. The absorbance value of each well was measured at 450 nm. For each experimental condition, six wells were evaluated.
Transwell assays. For the Transwell migration assay, 5x10 4 cells in the present study suspended in 200 µl of serum-free DMEM were added to cell culture inserts, which had 8-µm microporous filters and no extracellular matrix coating (BD Biosciences, Franklin Lakes, NJ, USA). DMEM supplemented 10% FBS was then added to the bottom chamber. Following a 24 h incubation, the cells on the lower surface of the filter were fixed with 10% formalin for 15 min at room temperature, stained with 0.1% crystal violet for 60 min at room temperature, and examined using a light microscope (magnification, x100). For the in vitro invasion assay, a total of 8x10 4 cells were resuspended in 200 µl of serum-free DMEM and added to the cell culture inserts, which had 8-µm microporous filters and were coated with Matrigel (BD Biosciences). DMEM supplemented with 10% FBS was then added to the bottom chamber and the chamber was incubated for 24 h. The mean number of migrated or invaded cells in three randomly selected optical fields (x100 magnification) from triplicate filters was calculated.
Wound-healing assay. Cell motility was assessed by measuring the movement of NP69, 5-8F, 6-10B and SUNE1 cells from into a scraped cellular area created using a 200-µl pipette tip, and the wound closure was observed at 0, 24 and 48 h. The cells were imaged under a light microscope (magnification, x40).
Western blotting. Western blotting procedures were performed as described previously (1, 22) . Briefly, cultured cells from all cell lines were lysed in ice-cold radioimmunoprecipitation assay lysis buffer (cat. no., P0013C; Beyotime Institute of Biotechnology) at 4˚C for 30 min. Following centrifugation (12,000 x g) at 4˚C for 20 min, the lysates were obtained and protein concentration was determined with the BCA method. Equal amounts of protein (30 µg/lane) were separated by 10% SDS-PAGE gels; the conditions were: Voltage of 100 V for 2.5 h at room temperature. Proteins were then transferred to polyvinylidene difluoride membranes; the conditions were: Electrical current of 250 mA at 4˚C for 2 h. To block the non-specific binding sites, the membranes were incubated with 5% non-fat milk (in Tris-buffered saline with 0.1% Tween-20) at room temperature for 60 min, and then probed with the following primary antibodies: β-actin (cat. no., FB075; Focus Bioscience, Nanjing, China), E-cadherin (cat. no., 14472; Cell Signalling Technology, Inc.), p21 (cat. no., 2947; Cell Signalling Technology, Inc.), MORF4L1 (cat. no., HPA042360; Sigma-Aldrich; Merck KGaA) at a dilution of 1:1,000 overnight at 4˚C. Subsequently, the membranes were incubated with anti-Rabbit IgG Secondary Antibody Peroxidase Conjugated (cat. no., W401B; Promega Corporation, Madison, WI, USA) and anti-Mouse IgG Secondary Antibody Peroxidase Conjugated (cat. no., W402B; Promega Corporation) with the dilution 1:10,000 at room temperature for 1 h. Specific protein bands were visualized using the BeyoECL Moon detection system (catalogue no. P0018F; Beyotime Institute of Biotechnology) and exposed to radiographic film. Densitometry analysis of the protein bands was performed using ImageJ 1.42 software (National Institutes of Health, Bethesda, MD, USA).
Colony formation assay. Cells used from the aforementioned cell lines in the present study were plated in six-well culture plates at a density of 2.5x10 2 cells/well. Each group included three wells. The cells were incubated for 15 days at 37˚C, washed twice with PBS and were fixed with 10% formalin at room temperature for 15 min and stained with 0.1% crystal violet at room temperature for 60 min. A cluster containing ≥50 cells was counted as a colony, and was performed with a light microscope (magnification, x100).
RNA interference. Effective small interfering (si)RNA oligonucleotides targeting p21 and E-cadherin with sequences of 5'-CCC UGU UAG UAA CGG CAA A-3' and 5'-AUA CCA GAA CCU CGA ACU AUA -3', respectively, were synthesized by Guangzhou RiboBio Co., Ltd., (Guangzhou, China). Approximately 2x10 5 NPC cells/well were seeded in a six-well tissue culture dish the day prior to transfection. Transfection was performed according to the manufacturer's protocol using Lipofectamine RNAiMAX transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and 50 nM siRNA. At 48 h following transfection, RT-qPCR assays were performed.
Study approval. The use of human NPC tissues was reviewed and approved by the Ethical Committee of Jiangxi Cancer Hospital (Nanchang, China) and was performed in accordance with the approved guidelines. Written informed consent was obtained from all patients. A total of 19 tumor specimens were collected from patients with NPC (median age, 46 years; age range, 29-69 years; male:female ratio, 10:9) with resection between January 2013 and December 2017, and inclusion criteria were as follow: Initial diagnosis of NPC. Exclusion criteria included: Previous radiotherapy, chemotherapy or surgery, with the exception of diagnostic procedures, to the primary tumor or nodes; and previous malignancy or other concomitant malignant disease. A total of 13 normal nasopharyngeal epithelium specimens were collected from healthy participants (median age, 41 years; age range, 32-66 years; male: female ratio, 6:7) with resection between January 2013 and December 2017. All clinical samples were obtained from the Department of Radiation Oncology at the Jiangxi Cancer Hospital (Nanchang, China).
DNA methylation analysis. Methylation data of MORF4L1
were obtained from the MethHC database (http://methhc. mbc.nctu.edu.tw/php/index.php). All the online data was used for analyzing the methylation rate of MORF4L1 promoter with MethHC 1.0.3. software (http://methhc.mbc.nctu.edu. tw/php/index.php).
Statistical analysis. All statistical analyses were performed using SPSS for Windows, version 16.0 (SPSS, Inc., Chicago, IL, USA). All values from the in vitro assays are expressed as the mean ± standard deviation or mean ± standard error of the mean of at least three independent experiments or replicates. Paired Student's t-test was used to compare two groups while comparisons between multiple groups were performed by using one-way analysis of variance followed by a Tukey-Kramer post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
MORF4L1 expression levels are decreased in various cancer
types. MORF4L1 expression levels were significantly lower in NPC tissues compared with normal nasopharyngeal epithelial tissues at the mRNA level as quantified by RT-qPCR (Fig. 1A) . Likewise, MORF4L1 mRNA levels were significantly downregulated in NPC cell lines when compared with the normal nasopharyngeal epithelial cell line (NP69) (Fig. 1B) . Whether the pattern of MORF4L1 expression in normal vs. tumor tissues could be extended to other cancer types was subsequently investigated. MethHC is an integrated and beneficial database, which includes DNA methylation, gene expression, microRNA methylation and microRNA expression data, and the association between DNA methylation and gene expression from The Cancer Genome Atlas (25) . As illustrated in Fig. 1C-L , with the data from MethHC, MORF4L1 was significantly downregulated in various types of cancer, including in breast, colon and lung cancer, suggesting that MORF4L1 expression is associated with cancer initiation or progression. To investigate the mechanisms underlying the reduction of MORF4L1 levels in cancer cells, the promoter sequence of MORF4L1 was analyzed and a CpG island was identified in this region. The methylation rate of the promoter was significantly higher in tumor cells, when compared with normal cells according to the online database (http://methhc.mbc.nctu.edu.tw/php/index.php) (Fig. 1M) , which indicated that promoter hypermethylation may promote the downregulation of MORF4L1 in cancer types.
MORF4L1 inhibits cell proliferation and colony formation in NPC.
Given that MORF4L1 expression is downregulated in NPC, the present study subsequently evaluated whether MORF4L1 is involved in regulating the biological behaviour of NPC cells. Based on the expression levels of MORF4L1 in NPC cells (Fig. 1B) , stable cell lines with were constructed with ectopic expression of MORF4L1 (in 5-8F cells) or silenced MORF4L1 (in 6-10B cells) ( Fig. 2A-C) . The effects of MORF4L1 on the biological behaviour of these cell lines was subsequently investigated. Cell proliferation and colony formation assays indicated that the ectopic expression of MORF4L1 significantly inhibited cell proliferation and colony formation abilities. Conversely, silencing MORF4L1 increased cell proliferation in 6-10B cells (Fig. 2D-G) .
MORF4L1 inhibits NPC cell migration and invasion.
The present study then examined whether MORF4L1 inhibited the migration and invasion of NPC cells. Using Transwell assays, a significant reduction in the number of migrated and invaded 5-8F cells following the overexpression of MORF4L1 ( * P<0.05) (Fig. 3A) , and an increased number of migrated and invaded 6-10B cells following MORF4L1 silencing were observed ( * P<0.05, *** P<0.001; Fig. 3B ). In addition, the ectopic expression of MORF4L1 significantly suppressed 5-8F cell wound healing after 24 h (P<0.05) and 48 h later (P<0.001) (Fig. 3C and D) . Taken together, these findings indicated that MORF4L1 inhibited NPC cell migration and invasion.
MORF4L1 increases p21 and E-cadherin expression in NPC.
In order to investigate the mechanisms underlying MORF4L1 suppressing cell proliferation, migration and invasion, the present study investigated the expression of p21 and E-cadherin. P21 and E-cadherin are key regulators in the progression of cancer, including NPC (26) (27) (28) (29) . As illustrated in Fig. 4A and B, p21 and E-cadherin protein levels were significantly higher in 5-8F cells that stably expressed ectopic MORF4L1. Conversely, silencing MORF4L1 in 6-10B cells significantly decreased the p21 and E-cadherin protein levels. To further verify MORF4L1 functions through p21 and E-cadherin, rescue experiments were performed with p21 siRNA and E-cadherin siRNA transfection (Fig. 4C) . Compared with overexpression of MORF4L1 alone, the combined use of p21 siRNA and E-cadherin siRNA significantly increased the cancer cell proliferative (Fig. 4D ), colony formation (Fig. 4E ), migratory and invasive (Fig. 4F) , and wound-healing abilities (Fig. 4G) . These results suggest that MORF4L1 may regulate cell proliferation, migration and invasion by increasing the expression levels of p21 and E-cadherin in NPC.
Discussion
An improved understanding of the mechanisms underlying NPC development, progression and therapy resistance is required in order to design novel effective therapies for this cancer. The present study, to the best of our knowledge, demonstrated for the first time that MORF4L1 exhibits a key function in NPC cell proliferation, migration and invasion by upregulating the expression levels of p21 and E-cadherin.
Using RT-qPCR analysis and data mining, the present study demonstrated that the expression of MORF4L1 was significantly decreased in numerous types of cancer, including breast invasive carcinoma, colon adenocarcinoma and kidney renal clear cell carcinoma. In order to explore the mechanisms underlying the decreased expression of MORF4L1 in cancer cells, the methylation status of the MORF4L1 promoter was examined, as previous studies have reported that the hypermethylation of numerous tumour suppressor gene promoters leads to their decreased expression levels in cancer (30, 31) . The results of the present study demonstrated that the methylation rate of MORF4L1 promoter was higher in the majority of cancer tissues when compared with normal tissues, which suggests that promoter hypermethylation is one of the negative regulators of MORF4L1 in different types of cancer.
Chromatin structure may be dynamically altered by covalent modifications of histone tails through acetylation and methylation, which are involved in numerous important biological processes, including transcription, DNA replication and DNA damage repair (32) . The results of the present study demonstrated that MORF4L1 increased the expression levels of p21 and E-cadherin to inhibit cell proliferation, migration and invasion. In summary, these findings demonstrate that MORF4L1 serves a role in tumour suppression by significantly increasing p21 and E-cadherin expression levels. However, there was little alteration to E-cadherin protein expression in the western blot analysis following MORF4L1 overexpression or knockdown. This may have been due to the transfection technique requiring further optimization to improve the level of knockdown or overexpression. In future studies, other methods of gene editing may be used, such as CRISPR, in order to improve knockdown. In addition, the cell lines in the present study are suitable for using in studying NPC, and their results in vitro are consistent with those in vivo (33) (34) (35) . Together, these data provide novel insights into understanding the molecular basis underlying this malignancy.
